In the last decade, a number of quantitative epidemiological studies of specific diseases have been done in developing countries that for the first time allow estimation of the total burden of disease (mortality and morbidity) attributable to use of solid fuels in adult women and young children, who jointly receive the highest exposures because of their household roles. Few such studies are available as yet for adult men or children over 5 years. This paper evaluates the existing epidemiological studies and applies the resulting risks to the more than three-quarters of all Indian households dependent on such fuels. Allowance is made for the existence of improved stoves with chimneys and other factors that may lower exposures. Attributable risks are calculated in reference to the demographic conditions and patterns of each disease in India. Sufficient evidence is available to estimate risks most confidently for acute respiratory infections (ARI), chronic obstructive pulmonary disease (COPD), and lung cancer. Estimates for tuberculosis (TB), asthma, and blindness are of intermediate confidence. Estimates for heart disease have the lowest confidence. Insufficient quantitative evidence is currently available to estimate the impact of adverse pregnancy outcomes (e.g., low birthweight and stillbirth). The resulting conservative estimates indicate that some 400 -550 thousand premature deaths can be attributed annually to use of biomass fuels in these population groups. Using a disability-adjusted lost life-year approach, the total is 4 -6% of the Indian national burden of disease, placing indoor air pollution as a major risk factor in the country.
A
ir pollution has become a major concern in India in recent years both because it is now clear that large parts of the Indian urban population are exposed to some of the highest pollutant levels in the world (1, 2) and also because new studies around the world on the health effects of air pollution have increased confidence in estimates of the risks posed by air pollution exposures (3, 4) . The situation in China and a number of other developing countries is similar.
Overall premature mortality from outdoor urban air pollution has been calculated using exposure-response results from studies of urban outdoor pollution in developed countries to estimated air pollution levels based on the limited available measurements. Table 1 presents the results of such studies for India. Because they are most frequently measured worldwide and have been the subject of intense epidemiological investigation in the last 15 years, particulates are used in most studies as the indicator pollutant, although other health-damaging pollutants (SO x , volatile organics, NO x , O 3 , etc.) are also usually present.
Annual concentrations reported at urban monitors in India for PM 10 , particles less than 10 microns in diameter, ‡ range 90-600 g͞m 3 , with a population mean of about 200 g͞m 3 (5) . For comparison, at about 60 g͞m 3 , the most polluted urban area in the Unites States (6) in the early 1990s had annual concentrations substantially less than the cleanest Indian city reported, although, unlike the U.S. cities, many Indian cities are not yet instrumented.
[The U.S. population mean is now less than 30 g͞m 3 (2) .] Even higher concentrations result, however, from the widespread practice of using unprocessed solid fuels (biomass and coal) for cooking and͞or space heating in India and other developing countries, often in unventilated situations. Such concentrations result from high emissions factors from such fuels in simple small-scale combustion devices (14, 15) . The frequent result is indoor particulate concentrations well above even the dirtiest of cities (1) . Available data show a distribution of indoor PM 10 24-h concentrations measured in Indian solid-fuel-using households ranging to well over 2000 g͞m 3 . The distribution of village means overlap with the higher end of Indian urban concentrations but extends considerably higher. During the cooking period itself, of course, much higher levels are reached indoors (see the supplemental data, which are published on the PNAS web site at www.pnas.org). In addition, high household emissions from solidfuel use result in elevated ''neighborhood'' pollution in densely populated communities (16) .
In contrast to simple concentration, exposure is a function not only of the pollution level but also of the number of people involved and frequency and duration of their contact with the pollution-the number of person-hours of exposure (17) . Few other activities involve as many person-hours as cooking does, because it is done in essentially every household every day in most of the world. The combination of high pollution levels in places with many person-hours is a prescription for large total population exposures. Indeed, indoor exposures to the combustion products of unprocessed solid fuels have been estimated to produce the majority of (nonsmoking) human exposures to particulates and probably to a range of other pollutants as well (1, 18) . With its large, poor, urban and rural populations still using simple solid fuels, the Indian population bears a significant fraction of this exposure (10) . It can be expected, of course, that the pattern of health effects would follow exposure patterns.
The approach represented by Table 1 has become commonly used in developed countries (see, for example, refs. 6 and 19-21) and, indeed, is suggested as a standard method for application more broadly (22) (23) (24) and has been applied globally (25) . It has the distinct advantage of being derived from a large number of separate epidemiological studies, lending considerable confidence to the exposure-response relationships. When applied to the much higher indoor pollution levels in rural India, extremely high total ill-health is predicted, as can be seen, for example, in the estimates by Saksena and Dayal (12) in Table 1 .
That such exposure-response relationships have been derived for outdoor air pollution in developed-country urban situations, however, raises a number of questions about their suitability for application in developing-country (LDC) populations, particularly those exposed to indoor air pollution in rural areas. The principal differences between developed-country urban and developing-country rural populations are as follows:
1. Differences in the pollutant mix attributable to different fuel sources mean that existing exposure-response estimates may not be applicable in developing countries; i.e., although particulates can be used as indicator of hazard in both cases, biomass fuels as commonly used in Indian households produce relatively more organic compounds (e.g., benzene, formaldehyde, 1,3-butadiene, polyaromatic hydrocarbons), and fossil fuels produce more sulfur oxides. Thus risk estimates derived for the latter fuel may not apply to the former. 2. In a similar fashion, the chemical and other characteristics of the particles produced by biomass combustion are not the same as those produced by fossil fuel use, although of course woodsmoke is found seasonally in the outdoor air of many developed-country cities. 3. Different populations have different exposure patterns; i.e., indoor concentrations tend to vary much more during the day (because of household cooking and heating schedules) than do outdoor urban levels. 4. Exposure levels are also different; i.e., the average exposure levels of concern in households using unvented biomass fuels are 10-50 times greater than the levels studied in most recent urban outdoor studies (1) . As is common with toxicants, there may be a diminishing of the effect per unit increase in exposure (shallowing of the exposure-response curve's slope) at these high levels. 5. The patterns of disease, competing risk factors, and age distributions differ dramatically between urban developedcountry populations, the world's richest, healthiest, and oldest populations, and people exposed to indoor air pollution in developing countries, who tend to be the poorest, most stressed, and youngest in the world. 6. Most developed-country studies are time-series studies that determine short-term changes in mortality and other endpoints in association with short-term changes in air pollution. Implications for long-term health are unclear (26). 7. The few long-term cohort studies may be confounded by even slight misclassification of smokers, because smoking is such a powerful risk factor for the same health endpoints. 8. Becuase it is not realistic to define zero pollution as the baseline value (the counterfactual level), it is unclear what level is appropriate for calculating attributable risk to air pollution. 9. These more fundamental concerns are in addition to severe constraints imposed by incomplete information on the distribution of air pollution levels experienced by the Indian population. There have been no studies of pollution levels in Indian households based on stratified random sampling designs, for example. (This is also a problem, although to a lesser extent, with outdoor pollution levels in Indian cities.)
10. Additional uncertainty is created because those relatively few particulate measurements done to date have been mostly with respect to total particulates, although most of the consistent exposure-response results have been with regard to smaller size fractions (PM 10 or PM 2.5 ; particles less than 10 m or 2.5 m in mean aerodynamic diameter, respectively). 11. To be most useful for policy making, such estimates should assess more than mortality but also derive lost life-years and time lost to associated diseases of different severities.
Given these concerns, estimating ill health (mortality) by using this ''top-down'' approach is a rather crude and uncertain way of predicting the impact of air pollution for the exposures of interest. Given the apparent high total exposure to these populations, however, it has seemed well justified to apply the best available risk information, even if far from ideal.
The ''Bottom-Up'' Method Over the last decade or so, however, a number of epidemiological studies of individual diseases for particular age groups have been done in India and other developing countries in solid-fuel-using households. Although not in nearly the quantity or sophistication that are warranted by the size and exposure of the population involved, their number and consistency are sufficient to enable their use for estimating overall health impacts. The following steps summarize the approach taken here:
Y By using data from the National Census and other sources, the size of the exposed population is determined, which is defined simply as those that use solid fuels. Y By using the results of epidemiological studies in biomassburning households in South Asia, Latin America, SubSaharan Africa, and elsewhere, appropriate risk factors (relative risks) for specific diseases in specific age groups are determined. Such studies are available in sufficient quantity and quality only for adult women and children under 5, who have the highest exposures to stove emissions. Y By using the national burden of disease (death and disability) database for India, the current patterns of these diseases in these population groups are determined. Y By using the standard procedure for determining the population attributable fraction, the total disease burden attributable to use of household fuels is determined. Y By using the known mortality-morbidity relationships for specific diseases for each age group in India, total lost life years and total sick days are estimated.
This approach, although not without weaknesses (see the supplemental data for a discussion), substantially reduces all of the problems noted above for the ''top-down'' method:
1-4. Being based on studies of biomass-using households, the differences in pollutant mix, particle composition, and exposure patterns and levels are greatly reduced. 5. Although not all done in India, the studies were all done in poor, mostly rural, developing-country populations presumably much more similar to the exposed Indian population than urban developed-country populations. 6. The studies address directly the specific health endpoints over time periods appropriate to the each and thus do not reflect the possible ''harvesting'' that may be seen in time-series studies. 7. Confining the assessment to women, who have very low smoking rates in India, and children under 5 greatly reduces possible confounding by smoking. 8. Because the epidemiological studies compare actual exposed populations with those using different stoves or fuels, there is no need for an arbitrary baseline. 9-10. Because the epidemiological studies used use binary exposure variables, i.e., exposed or less-exposed, it is not necessary to extrapolate quantitative pollution exposures from incomplete data or to estimate the relative contribution of different size fractions. 11. Use of the coherent Indian National Burden of Disease database allows estimation of lost life-years from deaths and illness as well as number of deaths.
Status of Household Fuel Use in India
The 1991 National Census included for the first time a question about the primary household fuel used and reflected that about 95% of the rural population still relied primarily on biomass fuels (dung, crop residues, and wood). A small fraction uses coal, which means about 97% of households relied principally on these unprocessed solid fuels. Nationwide, some 81% of all households relied on these fuels; 3% used coal and 78% used biomass. An independent probability-weighted national survey of 89,000 households in 1992 derived very similar results (27) . Unfortunately, such fuels are substantially more polluting per meal than the liquid and gaseous fuels further up on the ''energy ladder.'' The amount of important health-damaging pollutants (e.g., PM 10 , CO, PAH, HCHO, VOC) breathed by a cook during a typical meal is about 2 orders of magnitude lower when burning bottled gas than burning wood or crop residues (for examples, see refs. 1, 15, 16, 18, and 28). Thus, as a first approximation, the use of unprocessed solid fuels in the household is an indicator of the potential for excessive air pollution exposures. In this way, access to clean fuels is parallel to the often-cited statistic on access to clean water as an indicator of disease risk.
Improved Stoves. India has active programs promoting introduction of improved biomass cookstoves (ICs) with chimneys and͞or combustion improvements (29, 30) . These include privately run programs run by nongovernment organizations as well as the large Government of India program itself, conducted by the Ministry of Non-conventional Energy Sources through nongovernment organizations and government agencies. The principal objective of the IC programs is to improve fuel efficiency, although lowering smoke exposures is a secondary goal. Although it has been found to be surprisingly difficult to disseminate ICs successfully over wide regions in India, some important progress has been made. Indeed, some 25-30 million ICs have been introduced since the mid-1980s (31) . By 1991-1992, the target year for this study, about 12.5 million had been disseminated. Unfortunately, because most of introduced ICs apparently have lifetimes of 2 years at most, only a fraction of those introduced before 1990 were likely to be still in use in 1992 (32) . To be conservative, however, I assume that 7.6 million households (6% of all solid-fuel households; 5% of all households) were using ICs in 1991-1992 that were 100% effective in eliminating air pollution exposures (33, 34) . The latter condition is actually rarely the case, however, because even the best ICs leak smoke into the room and some of the smoke released from the flue outdoors will make its way back into the same house or others nearby (16, 35) .
Ventilation. Not all of the remaining households cook indoors at every meal, however. Many cook outdoors or in semienclosed courtyard settings for part of or all of the year. Some may cook indoors for one meal and outdoors for other meals during the same day. There seem to be few systematic surveys that would allow an estimate of the overall scale of this practice. I thus have arbitrarily assumed that 25% of all household meals are cooked outdoors annually throughout the nation. I have also assumed, quite conservatively, that cooking outdoors results in no air pollution exposure. In reality, solid-fuel stoves are sufficiently polluting to produce significant exposure even when used outdoors (36) . Thus, the 25% figure could be interpreted to mean that 50-75% of the households cook outdoors part of the year.
In summary, of the approximately 152 million households in 1991-1992, 16% (24 million) did not use solid fuels, 5% (7.6 million) had ICs, and 25% household-equivalents (38 million) cooked outdoors. This leaves about 82 million households at full risk. Thus, about 460 million people were at risk.
Status of Disease in India
Although not consistent in every particular with other estimates of Indian health conditions, the India dataset from the global burden of disease (GBD) studies (37) is used here. Unlike any other available databases, the GBD has the considerable advantages of being coherent and internally consistent, i.e., the deaths and illness for all diseases, broken down by age and sex, add to the known totals in each category. In addition, the criteria used to determine disease categories, cause of death, duration of disease, etc., have been consistently applied across diseases and age groups in all major global regions, thus facilitating comparisons.
The number of deaths is not a very informative indicator of ill health. Better is the loss of healthy life entailed by injury, disease, and premature death. From the GBD, I use the disabilityadjusted life-year (DALY), which is one such measure becoming common in international comparisons (37) . The DALY basically indicates the amount of healthy life expectancy lost because of a disease or risk factor, including both mortality and morbidity. Shown in supplemental Table 7 is the national burden of disease (NBD) in India as a list of those disease categories causing at least 1% of the NBD or at least 1% of all deaths. Note that the first four categories mostly (87%) affect children younger than 5 years old, who as a result bear the largest overall burden.
Important Air-Pollution-Related Diseases and Their Relative Risks
To determine the portion of the NBD in supplemental Table 7 attributable to indoor air pollution, it would be best to have at hand the results of a wide range of epidemiological studies of specific diseases done in similar solid-fuel-using households around the world using careful clinical confirmation of disease conditions. In addition, to be sure that other factors were not confounding the results, multivariate analyses would have been done to statistically correct for them. In reality, however, the available published studies are less than ideal. Compared with the potential scale of the problem and to the effort spent on air pollution studies in developed countries, they are relatively meager. Some studies have not been able to control for potential confounders, although all have tried to deal with the problem in some way, for example, by matching exposed and unexposed groups. Few studies actually measured air pollution. Most relied on indirect exposure indicators such as type of fuel or stove or number of years cooking. No randomized trials have been done.
Tobacco smoking exacerbates basically the same set of diseases and may overwhelm the impact of air pollution in active smokers. In rural India, however, women probably receive the highest air pollution exposures because of their role as cook but they smoke at low rates (38) . Children under 5 years have the highest risks for the acute respiratory disease thought to be affected by air pollution and of course do not smoke. In addition, particularly in the first few years, they spend much time with their mother and thus receive higher exposures than older children, who may spend much time away from the household. Because of these factors, I'm focusing entirely on the effects in women (over 15 years) and children under 5 years. No attempt is made here to calculate the burden on men, which is probably dominated by smoking or on older children (5-15 years) who spend more time out of the household.
To provide some idea of the level of confidence in the disease risk estimates, the evidence is divided into three classes: strong, moderate, and suggestive. Diseases are categorized mainly on the basis of how many studies have been done in LDC solidfuel-using households. In all cases, there are also other types of evidence from developed-country studies. Although not as directly relevant as the LDC studies themselves, except for the studies of active smokers, the developed-country studies are in conditions with substantially lower pollution levels as measured by particle concentrations.
Class I. The strong evidence comes from passive and active smoking studies, urban air pollution studies, and multiple studies of solid-fuel use in developing countries.
ARI in children under 5 years (India: 13% of deaths; 11% of NBD;
24% of NBD for children under 5 years). One of the major diseases thought to be associated with indoor air quality is ARI, a class that includes infections from a wide range of viruses and bacteria, but with similar symptoms and risk factors (28) . In every country, young children contract these diseases at similar rates, but in India and other poor countries, they often proceed to severe stages, including pneumonia and death. It is generally acute lower respiratory infections (ALRI) that impose the highest burden and greatest risk of mortality.
As shown in supplemental Table 7 , ARI is the largest single disease category for India, accounting for about one-ninth of the national burden. For the world as a whole, ARI is also the largest category, accounting for about 8.5% of the global burden. Astonishingly, Indian ARI is actually the largest single disease category in the world, in the sense of being subject to attention by one government. The Indian portion of this one disease class, which affects mainly one age group, accounts for 2.5% of the entire global burden of ill health.
Since severe childhood ARI is rare in developed countries, few air pollution studies there have focused on it through lack of interest or insufficient cases for statistical significance. Ironically, when developed-country exposure-response information is applied to LDC situations, ARI has often been left out. Recently, more attention has been paid to it, including investigation of the physiological mechanisms (39) .
As documented (28), a number of studies have been done in the developing world that give quantitative estimates of the relative risk of severe ARI for children living in biomass-burning households: South Africa (40), Zimbabwe (41), Nigeria (42), Tanzania (43), Gambia (44-47), Brazil (48), India (49), Argentina (50), and Nepal (51) . (See the supplemental data for details of these studies.) Although none of these studies had the resources to do the kind of sophisticated analysis commonly found in developed-country studies, as a group they make an intriguing case. A study among Native Americans (Navaho) also showed strong and significant effects or woodstove use at much lower indoor pollution levels than the levels found in developing countries (52, 53) . There are even larger groups of studies that show various childhood respiratory symptoms (coughing, wheezing, etc.) to be associated with solid-fuel smoke exposures, but do not provide sufficient evidence to calculate odds ratios (i.e., the risk of contracting disease in the exposed vs. unexposed populations) of ARI itself. [For a review of the ARI and indoor air pollution epidemiology, see Smith et al. (28) . For a bibliography of publications related to developing countries, see
McCracken and Smith (54) .] Some work has been done to identify possible mechanisms in the developing-country context as well (55) .
Here I take a range of odds ratios (OR) from 2-3 for the calculations, which account for a range around the average in the published studies of about 2.5. It would be valuable to conduct a full-scale meta-analysis of these studies, but to do so most effectively would require searching for unpublished studies as well as those in the published literature (56) . Here, to be conservative, the approach taken is to use only the lower end of the range of reported odds ratios. I apply these odds ratios to ARI only in children younger than 5 years, who account for 85% of ARI in India. Although a substantial proportion of perinatal deaths in India may also actually be attributable to ARI, to be conservative these are left out.
COPD in women (India: 1.5% of deaths; 0.9% of NBD; 1.8% of NBD for women). Today in developed countries, nearly all cases of COPD are attributable to tobacco smoking. Undoubtedly, smoking is also a significant factor in COPD incidence among LDC men. In India, even though relatively few rural women smoked during the past decades, COPD in rural women today is not uncommon. Although a number of studies have looked at various symptoms of chronic respiratory ill health in women cooking with open biomass stoves, eight seem to have actually determined the prevalence of COPD in a way that allow quantification: Saudi Arabia (57), Columbia (58), Mexico (59), Nepal (60, 61), India (62, 63) , Bolivia (64) . I use a range of odds ratios from these studies of 2-4 in the calculations (see the supplemental data).
Note that cor pulmonale, a serious heart condition secondary to COPD, is also often found among rural women nonsmokers in India (18) and has long been attributed to chronic biomass smoke exposures (65) . There is also good evidence of interstitial lung disease from long-term exposures to biomass smoke, but not of a character that allows determination of odds ratios (66, 67) . Even silicosis has been attributed to such exposures, usually in association with soil dust (68, 69) . In addition, several studies have found reductions in lung function, cough, and various other respiratory conditions associated with biomass smoke exposures in women. (For further discussions, see the reviews in refs. 18, 70, and 71.) Because there is insufficient quantitative evidence to develop odds ratios and relatively little total disease burden associated with these conditions, they are not included in calculations here. (72) (73) (74) (75) (76) (77) . In China, there is also evidence of lung cancer from use of certain cooking oils (78, 79) and other health effects from arsenic and fluorine in household coal (80) . There is little evidence connecting lung cancer to biomass fuel, however. Biomass smoke, however, contains a wide-range of chemicals that are known or suspected human carcinogens, and it contains particles in the small sizes known to penetrate the deep lung (18, 81) . More careful studies of the relationship with lung cancer may well be warranted (82) . Overall, being mainly nonsmokers and noncoal users, Indian women have low lung cancer rates (83) . Only one study, in Japan (84), seems to have found an association of biomass fuel use and lung cancer (OR ϭ 1.8). Therefore, a range of odds ratios is taken from the Chinese coal studies (3-5) but applied only to the relatively small number of coal users in India (3.8%). Like coal use, lung cancer itself is so uncommon in nonsmoking women in India that this calculation has little effect on the overall estimate of ill health from indoor air pollution.
Lung cancer in women (India: 0.4% of deaths; 0.1% of NBD; 0.1% of NBD for women). Lung cancer in women is a well demonstrated outcome of cooking with open coal stoves in China
Early studies in Africa seemed to implicate naso-pharyngeal cancer with wood smoke, but this association was not born out by later, more detailed studies in Asia (18, 72) . Two studies in Brazil have shown a strong relationship with upper aerodigestive tract cancers, however, with adjusted odds ratios of 2.7 (85) and 2.5 (86) . Adding aero-digestive tract cancers would increase the cancer burden attributable to indoor air pollution in India by more than 10-fold, but the total burden would still remain small compared with COPD and ARI. There are 7 times more DALYs associated with mouth and oropharynx cancers than with lung, trachea, and bronchus cancers in Indian women (37) . The common practice of chewing pan (a mixture of leaves, spices, betel nut, and tobacco) is usually implicated, however, as the principal risk factor for these oral cancers in India (87, 88 of NBD for women). India has a larger burden of blindness than any other major region of the world. Indeed, globally, one out of three cataracts occur in India where they are responsible for 80% of blindness in the country (89) . One case-control study in Delhi found an excess cataract risk of about 80% among people using biomass fuel (OR ϭ 1.6; ref. 90) . Evaluation of the National Family Health Survey (27) found a somewhat lower rate for partial blindness (OR ϭ 1.3; ref. 91 ), but no significant difference for total blindness. There is also evidence that environmental tobacco smoke (ETS) exposure is associated with cataracts (92), and animal studies show that cataracts can be caused by woodsmoke (93, 94) . I take the values of the two available Indian studies as the range, recognizing that more work is needed. There are also studies linking trachoma with poor air quality in Africa (95), but trachoma causes only about 1% of the burden of cataracts in India (37) .
TB in women (India: 8% of deaths; 5% of NBD; 5.5% of NBD for women).
India has a larger fraction of its national burden of disease attributable to TB than any other region, although the actual risk per person is less than that in Sub-Saharan Africa. Analysis of the 1992-1993 National Family Health Survey found a strikingly strong and statistically significant relationship between reported use of biomass fuel and TB in India. Indeed, women over 20 years in biomass-using households were 3.0 times more likely to have someone reporting TB than households using cleaner fuels, even after correction for a range of socioeconomic factors (96) . In addition, a recent study in and near Lucknow found a significant odds ratio of 2.5 for clinically confirmed TB in male and female householders using wood or dungcakes (63) . A study in China has also found outdoor air pollution to be associated with TB (97) . Animal studies show that respiratory immune suppression by woodsmoke (98, 99) . Because of the preliminary nature of the available findings, I take the National Family Health Survey value, 3.0, as the high end, and onequarter of the risk (1.5) as the low end. Given the importance of TB in India, because it is both prevalent and likely to increase with the HIV epidemic, it should be a high priority to follow-up these findings with more detailed studies.
Asthma (India: 0.2% of deaths; 0.5% of NBD). Asthma rates are officially low in India, although there is some recent evidence that the true prevalence is higher than previously thought (e.g., ref. 100). Associated with urban outdoor pollution (101) and ETS (102), typical solid-fuel indoor smoke exposures are much higher. One of the many difficult aspects of studying asthma is the need to discriminate the type and size of risk factors for becoming asthmatic from those for asthma attacks, a task not done in most studies. Studies in Kenya, Malaysia, and China have quantitatively associated childhood asthma with various measures of indoor pollution from solid-fuel use (103) (104) (105) . Other, less quantitative studies are reviewed in ref. 71 . The range of significant odds ratios in these studies was 1.4-2.5, which has been used here to determine the burden in India. As the reported background rate is so small, however, asthma contributes relatively little to the total burden of deaths or DALYs.
Adverse pregnancy outcomes (India: perinatal conditions are 6% of deaths; 7.5% of NBD; 20% of NBD for children under 5) . A large proportion of perinatal effects consists of diarrhea and ARI, the chief killers of children younger than 5 years, but specific diagnosis͞autopsy is difficult with such young infants. Only one study seems to have examined this factor in India as an outcome of biomass fuel use. This study, done in Ahmedabad, found an excess risk of 50% of stillbirth among women using biomass fuels during pregnancy (106) . A Chinese study of urban ambient pollution also found a strong relationship of particulate levels with preterm delivery (107) . The same group found that particulate air pollution was also associated with low birth weight (108) as was also found with exposure to household biomass smoke in Guatemala (109) . Intrauterine mortality, low birth weight, prematurity, and early infant death have been strongly associated with urban outdoor pollution at much lower concentrations than typically found in biomass-using households (110) (111) (112) (113) (114) . See the short review in ref. 115 . ETS exposure to nonsmoking pregnant women has been associated with low birth weight in a metaanalysis of 17 studies (116), with low cognitive development (117), but not with spontaneous abortion (118) .
Low birthweight is a risk factor for a number of childhood (119) and, probably, adult (120) diseases, not just those of the respiratory system. Although there is likely to be an important effect from this mechanism for indoor biomass and coal smoke, at present it is hard to provide an estimate of the potential burden in India.
Class III. The suggestive evidence is from active and passive smoking literature, and urban outdoor air pollution, but there are no studies yet in solid-fuel using households.
Heart disease in women (India: 17% of deaths; 5% of NBD; 7.3% of NBD for women). Ischemic heart disease (IHD) rates among Indian women are not high by world standards. As with all diseases associated with air pollution, IHD has other important risk factors, smoking and diet in this case being the largest. Indeed, studies in developed-country settings show that the risks of air pollution and smoking for heart disease are relatively modest compared, for example, to the risks for respiratory disease. Because the background rate of heart disease is so high, however, the absolute impact on public health is among the highest.
Although there are many studies of outdoor air pollution (121) (122) (123) and ETS (124, 125) unfortunately, there do not appear to be any studies of heart disease in developing countries related to indoor biomass use. Because it is such a potentially significant effect, even if a low risk, however, I apply the information from developed-country (MDC) urban studies to the distribution of exposures to particulates to obtain a range of heart disease risks (1.096-1.42; ref. 22 . [Here, an average level of 160 g͞m 3 PM 10 is used in a linear calculation. Based on estimates in refs. 1 and 10, a higher level might be more accurate, but then the exposureresponse relationship may not be linear at these levels, which are much higher than those in the developed-country studies from which the risks were derived. The 160 g͞m Ϫ 1) ϩ 1) , where PP is the population prevalence of the exposure condition and OR is the odds ratio. The absolute burden due to the exposure is then determined by: Disease Burden of Exposure ϭ PAR‫ء‬NBD, where NDB is the total national burden attributable to the particular disease. Thus, the range of odds ratios noted above has been combined with the estimated exposed percentage and national disease burdens to determine mortality for each disease attributable to use of household solid fuels. The results are shown in Table 2 (see the supplemental data for a sample calculation).
The range of mortality estimates from only those specific diseases for which there are a number of studies (Class I) in Table 2 range from 310,000-470,000. These are at the lower end of those from Table 1 (top-down approach) where general mortality was estimated to be 360,000-1,800,000. This is what might be expected in that the bottom-up estimates were not made of all specific diseases and age groups thought to be associated with air pollution because of lack of appropriate risk information. If the less well verified impacts from Classes II and III are added, however, the top end of the specific disease, at over 790,000, is still substantially less than the high end of the top-down approach, which came from extrapolating exposureresponse results from long-term developed-country urban air pollution studies. There is reason to believe that the exposureresponse curve for general mortality may flatten out at higher exposure concentrations (127) . This provides justification for not accepting the extension of the cohort (chronic) studies to high exposure concentrations, which were the foundation of the high end of the general mortality ranges in Table 1 .
Shown in Table 2 is a ''best estimate'' of 400,000-550,000 premature deaths annually in India from indoor air pollution exposures to children under five and adult women. This is the range between the low and high estimates from the strong evidence class plus the low estimates from the other evidence classes. No estimate is included for adverse pregnancy outcomes. Fig. 1A shows the distribution of premature deaths by disease.
These estimates may seem shockingly high. It should be noted, however, that they are conservative in comparison with estimates for U.S. cities of close to 60,000 annual deaths from ambient particulates (6, 128) . Compared with the Indian solid-fuel-using population, the U.S. urban population is 3 times smaller, experiences average particulate levels 5-20 times lower, and has a lower overall mortality rate (which is the basis of the calculations for such risk factors). A U.K. Department of Health study used a similar approach to estimate 8,100 premature deaths from acute PM 10 effects annually for U.K. cities, the population of which is about 50 million (19).
Healthy Life-Years Lost. By assuming that the age pattern of mortality due to this risk factor is similar to that for each disease as a whole, the NBD in lost healthy life-years (DALYs) can be also be estimated. Based on the distribution in Table 2 and the exposed populations, Fig. 1B illustrates the number of years of lost life (YLL) to death in each category of disease in India. Here the method used for calculating lost life-years is that used in the GBD studies (37) . It applies age weighting and discounting such that the maximum difference in life-years lost between the death of a child and an adult is about 37 years. Unweighted and͞or undiscounted life-years would favor ARI even more than shown here because it largely affects children under 5. ARI dominates YLL and YLL per capita because of the young age of its victims. Also shown in Table 2 are the total DALYs by disease and disease grouping (YLLs plus life years lost to morbidity). Note the somewhat greater relative importance of TB and COPD compared with the distribution of deaths or YLL because they have more disability associated with them than do IHD and ARI.
Morbidity. For every death attributable to a particular disease, there are of course many days of disease, both to those who eventually die of the disease and to those who may recover. Days of illness are more important for some kinds of societal impacts than actual mortality. By assuming that the illness associated with this risk factor is similar in duration and severity to that for that illness as a whole, it is possible to estimate morbidity as well. (Disease severities are listed in Table 2 .) The distribution of ''sick days'' and the is shown in Fig. 1C , showing that there are big differences in sickdays per death for the disease categories considered here. Note that COPD, although it did not add much to the total lost life-years, being relatively less common and killing people at relatively old ages, has a much larger impact in sickdays per death: over 8,000 days͞death compared with fewer than 2,000 for ARI and IHD. In addition, as indicated in Table 2 , the average severity of illness for Estimates listed in order of the strength of evidence under Indian conditions. Mortality and conversion to life years lost and morbidity as in ref. 37 . APO, adverse pregnancy outcomes. Severity is taken as the disability weighting in ref. 37 and varies from 0 (healthy) to 0.85 (severe disability). Indian total deaths for each disease are listed in parentheses. *Under 5 years only. † Women only. ‡ Disability-adjusted life year ϭ (years lost to premature death) ϩ (years lost to disability) ‫ء‬ (severity factor) (37) . § Full range for Class I plus low end of ranges for Classes II and III.
COPD sickdays (disability weighting) is more than half again that for ARI and a third more than the average IHD sickday.
As a result, the total COPD sickdays in Fig. 1C are a larger proportion of the total from indoor air pollution than are COPD's contribution to death or life-years lost. This effect is even larger for asthma, which contributes about a third of the sickdays, even though accounting for less than 1% of the deaths. The full range of burdens in Table 2 indicates average burdens of illness in lost healthy lost life-days per year for each Indian woman of 3-8 and 30-45 for each child under 5 years.
Comparisons with Indian NBD
If verified, the ill health estimated here from indoor air pollution is a substantial portion of the national total in India, 4.2-6.1% (11) . It is equivalent to 6.3-9.2% of the burden for women and children under 5, who make up about 44% of the population but bear about two-thirds of the disease burden. As compared with supplemental Table 7 , indoor air pollution would seem to classify as a major cause of ill health in India for it rivals or exceeds TB, IHD, all cancers, road accidents, or all of the ''tropical'' diseases combined. On a risk factor basis, the burden of dirty air at the household level lies behind only dirty water at the household level (poor water͞sanitation͞hygiene ϭ 10%) and poor food at the household level (malnutrition ϭ 22%), the largest two risk factors in India in the early 1990s. As shown in Fig. 2 , it apparently substantially exceeded other major risk factors, such as hypertension, alcohol, unsafe sex, and tobacco. The burdens of the latter two, however, are steadily increasing in India, unlike indoor air pollution. Nevertheless, by any standard, indoor air quality would seem to be a major health issue in the country.
Adding urban outdoor pollution, the total would be even greater. Taking the dubious but simple approach of adding the estimates by Saksena and Dayal of the burden from outdoor air pollution in Table 1 using the ''top-down'' method to those done here in Table 2 for indoor air pollution, total annual deaths would be 600,000-750,000. Assuming a similar mix of morbidity and mortality, the total burden from air pollution in India would be 5.9-9.2% of the total NBD, nearly rivaling poor water͞ sanitation͞hygiene, although still well below malnutrition.
Discussion and Conclusion
At the global level, India seems to have some 30% of all household solid-fuel stoves, although the estimates are generally much less reliable than in India where fuel use is determined in the national census (129) . On that basis, the total world health impact on women and children would be roughly three times larger than the Indian estimates. A large fraction undoubtedly occurs in China, where application of broad-brush methods have also derived large health impacts of indoor and outdoor pollution with relatively more COPD and lung cancer and less ARI than found in India (130, 131) . To be more precise, would require duplicating the entire process used here of combining exposures, risks, and background disease rates in each country or region.
By themselves, epidemiological studies do not prove causality, only association. Nevertheless, when a number of studies find similar associations in different populations, places, and times; in situations of different mixes of confounders; and done by different investigators with different methods; the argument for causality starts to become stronger. The case for causality is not helped, however, by the current poor understanding of the actual physiological mechanisms that link airborne particles with ill health (132) .
The studies in LDC solid-fuel-using households reviewed here have generally not directly measured exposures, nor have they been as nearly as extensive or sophisticated as those in developed-country urban settings. Nevertheless, particularly for the Class I diseases above, a number of studies have been done by different investigators in different countries that found similar results. Combined with the evidence that the average particle levels in such households often reach 1,000 -2,000 g͞m 3 PM 10 (1), their results seem qualitatively consistent with the developed-country studies, which have been done at levels below 150 g͞m 3 (23) . On the other hand, given that most actually measured the risk of solid fuel use, there may be risks to health in addition to air pollution, perhaps through the physical burden of harvesting such fuels.
The estimates made here should be viewed as tentative. They rely on distressingly few studies and many untested assumptions. Their alarming scale, however, argues for additional efforts to understand and ameliorate the conditions that lead to such severe pollution levels in the village and urban slum homes of India and elsewhere in the Third World. At the very least, they call for a serious effort to conduct the medical and abatement research that would pin down more accurately the impact of the pollution and effective ways to reduce it. Over the next decade, millions of lives may depend on it. 
